Abstract. Arrays of nanoscale apertures have been found to exhibit fascinating quantum phenomena such as the Josephson effect and collective quantized phase-slippage. To be in the Josephson regime, the aperture size must be comparable to the healing length of the 4 He order parameter. For 50nm apertures this regime is attained ∼mK below T λ . Collective phase slippage occurs at considerably lower temperatures.
Introduction
We have fabricated large arrays of nanoscale apertures with diameters ranging from ∼70 to 90nm using electron beam lithography (EBL) on freestanding silicon nitride membranes ∼70nm in thickness. These aperture arrays, when used to separate two reservoirs of superfluid 4 He near the superfluid transition temperature T λ , act interchangeably as Josephson junctions (weaklinks) or phase-slip centers (strong-links) depending on the degree of coupling between the reservoirs [1] . The coupling strength decreases with the ratio of the healing length of the superfluid wavefunction to the aperture linear dimension. To have a superfluid 4 He weak-link in an easily accessible temperature regime (a few mK away from T λ ) therefore requires channels with dimensions comparable to the healing length ( 90nm or smaller). Submicron holes/slots have been fabricated for superfluid studies by several groups [2] , [3] , in the past using ion milling techniques in thin foils. Nanofabrication of such apertures via EBL has also been reported in the literature [4] , [5] .
Here, we present the methods used in our group to fabricate such aperture arrays at the Cornell Nanoscale Facility (Ithaca, NY) over the past few years (based partly on techniques described in [6] ). We discuss the salient features of the processes involved as well as the difficulties encountered -both solved and unsolved -and suggest possible ways to improve the techniques in future iterations. The aperture arrays must satisfy some very stringent requirements to be useful in superfluid experiments -the nitride membranes must be strong enough to survive many thermal cycles between 300K and 2K and the aperture sizes must be robust over time and fairly uniform across the array. Also, the fabrication process must be scalable so that dozens of chips containing arrays with several thousand apertures each can be made in a reproducible and cost-effective way. 2. Fabrication outline 2.1. Making freestanding membranes Figure 1 shows the fabrication procedure. Double side polished (DSP) 100mm silicon wafers with 1,0,0 surface orientation and 400µm nominal thickness are coated on both sides with ∼70nm low stress (∼200MPa tensile) silicon nitride (Si 3 N 4 ) in an LPCVD (low pressure chemical vapor deposition) furnace (figure 1a). A chrome-on-glass contact photolithography positive mask is made using an optical pattern generator. The backside of the wafer is spin-coated with ∼ 2µm thick positive photoresist (Figure 1b ) and the pattern is transferred onto it from the mask. The front side and edges are protected by spinning on a dummy resist layer (not photosensitive), which prevents pinhole formation. The developing step removes the resist from the regions to be etched ( Figure 1c ). The exposed nitride is then etched away with a CHF 3 /O 2 plasma in a reactive ion etch (RIE) tool, leaving the underlying silicon exposed (figure 1d). The resist and the protection layer are then stripped away in a hot chemical bath (70 • C) containing propylene glycol, NMP (N-Methylpyrrolidone) and TMAH (Tetramethylammonium hydroxide) (figure 1e). The silicon is then etched anisotropically from the backside in a hot KOH bath at ∼92 • C, giving an etch rate of ∼ 110µm/hr [7] and almost infinite selectivity [8] to the nitride, which is used as a hard mask in this step). This leaves the wafer with freestanding nitride membranes on the front side (figure 1f) and with cleave lines (for breaking off the chips) and coordinate codes (for easy cataloging) etched into the backside.
Shooting the aperture arrays
The wafer is then spin-coated with ∼140nm of 4% PMMA (Poly(methyl methacrylate)) 495K and baked at 170 • C for 15 min. As a rule of thumb, the PMMA thickness should be around twice the smallest feature size for accurate sizing. Since the selectivity of PMMA to the CHF 3 /O 2 plasma etch is not much better than 1:1, this lets us over etch by at most a factor of two. This is necessary, as we have found the published etch rate (e.g. ∼54nm/min for the Oxford Plasmalab 80 etch tool) to be overly optimistic when it comes to ensuring that the apertures are etched all the way through the membrane. In general, RIE is suppressed in constrained geometries [4] so that published rates tend to be more meaningful for negative patterns. Array patterns of 150×150 and 300×300 apertures with 1 µm spacing and 50×50 and 100×100 with 3 µm spacing for aperture sizes of 250nm, 150nm, 90nm and 70nm have been shot on entire wafers in 100keV EBL tools. Exposure doses are calibrated by shooting dose matrices for each array type and aperture size and optimal doses are determined by exhaustive SEM imaging. The PMMA is then developed in methyl isobutyl ketone diluted with isopropanol (1:3) and the exposed nitride etched through in a plasma etcher (overetching 2X to allow for suppression). The residual PMMA is stripped in a high pressure oxygen plasma (section 3.1). The resulting chips are then cleaved out of the wafer, sputter-coated with a thin Au-Pd film (5-10nm) and imaged (figure 2 and section 3.3) in a scanning electron microscope (SEM).
Issues
There are 3 overarching issues to be considered: structural integrity of the membranes, throughness of the apertures and reliable characterization.
Membrane integrity: relaxation/wrinkling
This relates to the general issue of whether to use dry or wet etch tools in a process. While a dry etch is generally much cleaner and thorough, wet etches tend to be much gentler, especially on thin and consequently fragile membranes. The nitride membranes are originally under tensile stress (∼200MPa). Thin film stress has two components -intrinsic and thermally induced [9] , [10] . In previous attempts to strip the PMMA off the wafer in the last step (section 2.2), the intrinsic stress change due to ion bombardment/implantation (a byproduct of low pressure kinetic plasmas) was found to non-uniformly relax and thus wrinkle the membranes, thereby making them fragile along the edge at random stress points that can be seen under an optical microscope using phase contrast microscopy. More recently, a chemical plasma was used instead (struck at a higher pressure -∼1250 mTorr as opposed to ∼50 mTorr for kinetic plasmas) -the resulting smaller mean free path drastically reducing the bombardment on the membranes. Also, this was done in steps of 2 min, to prevent the temperature from rising too high (∼ 150 • C), where thermal stress might permanently relax the membranes. Also, anecdotal evidence [11] suggests that excess heating may increase the mobility of the native oxide on the membrane surface, consequently clogging the apertures.
3.2. Aperture throughness 3.2.1. Exposure and etching: While the minimum critical exposure dose determined from dose matrices (usually ∼1000 µC/cm 2 ) during EBL is a useful number, we have found that any dose greater than this minimum tends to work well (up to ∼3000 µC/cm 2 ). This is because we are working with ∼60nm membranes so that substrate backscatter is negligible and proximity effects are not evident since the array spacings are usually more than ∼10 times the aperture size. The etch recipe on the other hand is extremely delicate and the optimal etch time usually lies within a tiny window to avoid underetch (blocked holes) and overetch (much bigger holes).
Process contamination:
The nitride etch in section 2.2 can be done by a CHF 3 /O 2 plasma or a CF 4 /H 2 plasma. The former gives greater selectivity, which is crucial for this process but it also results in polymer deposits at the end of the etch. The oxygen is used to prevent these deposits but the selectivity suffers with increasing oxygen content. The polymer makes it nearly impossible to strip away the residual PMMA after the EBL using even a strong solvent like methylene chloride without leaving residues that later clog up the holes. Dry etch tools are much more effective in this step. Chemical plasmas (as opposed to kinetic plasmas) should be used for compatibility with section 3.1. The reasonably high temperature also helps in burning off the polymer deposits. The wafers must be cleaned thoroughly after the KOH etch (section 2.1) or else the residual potassium ions react with chlorine (probably environmental traces) to form copious crystalline deposits that clog the apertures. This is particularly insidious as the growth is gradual and difficult to detect initially. A closer SEM inspection in addition to a spectrographic analysis of our earlier samples confirmed the presence of KCl crystals blocking the apertures. A cleaning regimen of several rinses with deionised (DI) water, followed by a dilute HCl rinse, followed by DI water again and ending with acetone and isopropanol washes before blow-drying with nitrogen has since solved this problem. In particular, water must never be allowed to dry on the wafers as that is very efficient at aggregating impurities.
In the past, we would selectively coat small sections of the wafers with Au-Pd (by masking the rest with Al foil) and image entire wafers in the SEM. This must be avoided as SEM imaging tends to deposit hydrocarbons (probably from pump oil fumes, even with filters in place) at sufficiently high rates as to completely close the apertures. Only individual chips should be imaged and thenceforth considered unusable.
3.3. Characterization challenges: SEM charging vs. SNR (signal to noise ratio) Si 3 N 4 is an insulator and therefore quickly gets charged while imaging in an SEM. Au-Pd can be sputtered onto the surface to provide a grounding path. The optimal accelerating voltage is then found to be around 7kV for uncharged viewing. Also, slow scans are preferred to increase the SNR and get crisp images but this results in more hydrocarbon deposits and decreased apparent sizes of the apertures. Surprisingly, we have found that the contrast provided by fast scans (fewer averages) is quite adequate as far as measuring hole sizes is concerned (see figure  3(inset) ). Also, if the etch is insufficient, it leaves a thin remnant nitride film on the backside of the chips which can be highlighted quite clearly by the sputtered Au-Pd film. The stress of the sputter coated film must be matched to the nitride stress to prevent wrinkling as this makes imaging impractical. This can be tricky as the sputtered film stress can vary dramatically over tiny pressure ranges (∼1 mTorr) in the sputter chamber. In general, we find that higher pressures (∼50 mTorr above base vacuum) tend to give more tensile Au-Pd films that match well with the nitride.
Conclusions
In conclusion, we have made arrays of apertures as small as 70nm in diameter. To make smaller apertures, it appears that we may need other approaches -for instance -using a carbon hard mask instead of PMMA to improve the selectivity to nitride [12] . This work was supported by the NSF and the ONR.
